Mechanical properties of cells such as compressibility are regarded to be different as cancer cells progress into metastatic state. Traditional methods for measuring mechanical properties of single cells such as AFM and micropipette aspiration, require labor-intensive procedures and can cause damage to cells due to direct contact, thus unsuitable for high-throughput measurement. Acoustophoretic force exerted on particles under acoustic-standing-waves depends on the particle and medium's vibro-acoustic properties. Thus, cells with different mechanical properties show different mobility under acoustic resonant field which can be analyzed to decipher the mechanical properties of cells. Here we present a high-throughput, single-cell-resolution, cell compressibility measurement approach based on acoustic-standing-wave-induced force, and the finding that head and neck cancer cells having different metastatic capacities show noticeable differences in compressibility. The acoustophoresis chip has a straight flow channel with a piezoelectric transducer attached at the bottom. Trajectories of moving cells in the channel under acoustic standing wave excitation in the absence of flow are recorded. By using a microfluidic acoustophoretic model, the simulated trajectories of cells are calculated. The mechanical properties of cells are estimated by fitting the experimental and simulated trajectories thereby. Cells with highest metastatic capacity showed highest compressibility, consistent with previously reported clinical observations.
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INTRODUCTION
Mechanical properties of cells such as their compressibility have been of great importance in understanding mechanobiology as well as of interest as a diagnostic biomarker in malaria infection. Recently it has also been shown that cancer cells show larger compressibility compared to benign cells, further expanding the interest in understanding mechanical properties of cells [1] . Conventional methods for cell compressibility measurement use mechanical (atomic force microscopy and micropipette aspiration), optical (optical tweezer), or magnetic (magnetic beads attached to cells) forces to cause deformation to cells, where such deformations are measured to characterize the mechanical properties of cells. However these direct contact based measurement methods may disrupt cytoskeleton structure and therefore introduce errors in the measurement. More importantly, most of these methods require time-consuming and laborious operations, thus are inherently low throughput. A non-contact based highthroughput cell compressibility measurement method is crucial in further moving this field forward. Microfluidic acoustophoresis techniques have been widely utilized in applications involving contactless cell and particle manipulation, separation, and concentration [2, 3] . An approach to measure cell compressibility by tracking cell movement in acoustic field has been developed and reported recently [4] [5] [6] , where acoustophoretic force can be calculated from cell trajectories and cell compressibility can thereby be determined with given cell size and density. However in these methods the cell density has to been estimated to be able to extract the compressibility. Here we utilize one-dimensional numerical analyses of acoustophoresis where acoustic pressure amplitude, cell density and compressibility can all be extracted at once from the cell trajectory data. This method was applied to measure compressibilities of head and neck cancer (HNC) cells with different metastatic capacities.
METHODS

Principle of 1-D Acoustophoretic Force
A particle in a microchannel where acoustic standing wave is formed would experience a y-direction acoustic radiation force a F , which is given by Equation (1) [7, 8] 
where p is the acoustic pressure amplitude, p V is the volume of the particle, m E is the compressibility of medium, O is the wavelength of the acoustic field, k is the wave number defined by O S / 2 , and
is the so called acoustic contrast factor which is given by Equation (2) [7, 8] 
where p U and m U are densities of the particle and medium, p E and m E are compressibilities of the particle and medium, respectively. FIGURE 1 shows the simulated 1-D acoustic pressure field, which corresponds to the field of view of a microscope with a 10X objective lens. Since this region is only about 1 mm out of the 30 mm transducer length, the acoustic pressure field is very uniform in x-direction. In y-direction, acoustic pressure gradient corresponding to the sinusoidal function can be observed. 
Extraction of Cell Compressibility
From Equations (1) and (2), since medium properties, excitation frequency, cell size and cell trajectories under acoustic excitation are known, three parameters remain unknown, namely the pressure amplitude p , cell density p U and cell compressibility p E . To extract those three parameters, the cost function is defined as the square summation of difference between the simulated trajectories and the experimental trajectories. However, it was found that there exist many local optimization results that give the local minimum points. Thus, the global optimization was obtained by distributing the initial points for the optimization through a certain range of the parameters p , p U and p E . The custom-built optimization code could then search the defined data range and find the global optimization result. The advantage of this method in extracting cell properties is that there is no need for estimating the density of cells, allowing accurate analysis of the compressibility of cells.
Chip Fabrication and Experimental Setup
To implement the acoustophoretic force based cell compressibility measurement, a microfluidic chip with a single straight channel was fabricated. The channel was etched in Si and bonded to a borofloat glass for sealing through anodic bonding. A piezoelectric transducer (PZ26, Ferroperm Piezoceramics A/S, Denmark) was reversibly attached to the bottom of the microchip using wax (FIGURE 2(A) ), and actuated by an arbitrary function generator (AFG3021B, Tektronix, USA) via a 40 dB power amplifier (406L, Electronic Navigation Industries, USA). Cell trajectories under acoustophoretic force were recorded by a Nikon LV100 upright microscope with a Nikon DS-2Mv camera. The overall setup is illustrated in FIGURE 2(B). 
Experimental Procedure
HNC cells with different metastatic capacities (37B, Tu686, 686LN, M4e) were cultured in Dulbecco's Modified Eagle Medium (DMEM, Invitrogen, USA) supplemented with 10% fetal bovine serum (FBS, Invitrogen, USA) to 90% confluency in a 37 o C, 5% CO 2 incubator. Prior to acoustic compressibility measurement, cells were harvested with 0.25% trypsin-EDTA (Invitrogen, USA) and resuspended in ultrapure water from a Millipore purification system (Milli-Q, EMD Millipore, USA) for immediate use. Polystyrene beads (Polybead ® Microspheres, Polysciences, USA) were used to calibrate the acoustic pressure field based on their known physical properties. This acoustic field information was then used to calculate the cell density and compressibility. For a 370 μm wide RESULTS AND DISCUSSION FIGURE 3 shows an example of time-lapse images of 37B cells moving to the center acoustic pressure node under acoustophoretic force. Individual cells were traced using a custom-made MATLAB ® program to automatically extract the trajectories. As can be seen from the last frame, some cells may not reach the exact pressure node (channel center) due to blockage by other cells, thus such data points were discarded. TABLE 1 shows the obtained densities and compressibilities of 37B, Tu686, 686LN, and M4e cells, respectively. As can be seen, M4e and 37B show highest compressibility. Our hypothesis is that HNC cells with higher metastatic potential show higher compressibility which may facilitate their migration and invasion into other tissues. The result shown here is consistent with a previous report [1] that demonstrates that M4e and 37B indeed possess higher metastatic potential. For poorly invasive cells such as 686LN and Tu686, their compressibilities are lower, potentially lowering their metastatic potential. 
CONCLUSION
We have successfully demonstrated a method to simultaneously extract both cell density and compressibility of cells moving under the influence of acoustophoretic force, and showed the difference of cancer cells with different metastatic capacities in compressibility. With further development, we anticipate that this method might be a powerful tool in studying cancer cell biomechanics and its relationship with cancer metastasis as well as eventually be used as a diagnostic method.
